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Abstract We analyzed the physiological role of forkhead box
class O 1 (Foxo1) in adipocyte differentiation by suppressing
Foxo1 mRNAwith siRNA specific for Foxo1. Mouse 3T3-L1
preadipocytes infected with an adenovirus expressing Foxo1-
siRNA showed a marked decrease in lipid droplet formation
when induced to differentiate into adipocytes. Adipocyte
differentiation was most severely inhibited by exposing cells
to Foxo1-siRNA before induction of differentiation. The
incorporation of fluorescent-labeled glucose and fatty acid
was significantly inhibited in cells deficient in Foxo1. RT-
PCR revealed that downregulation of Foxo1 decreased the
expression of the transcription factors, PPAR-γ and C/EBP-α.
By comparison, Foxo1-siRNA did not affect the expression of
C/EBP-β or C/EBP-δ during the early period of adipocyte
differentiation. These results indicate that Foxo1 plays an
essential role in adipocyte differentiation, especially at the
very early stage of terminal adipocyte differentiation.
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Introduction

Adipose tissue functions as a storage organ to save surplus
energy and also as a secretory organ of various bioactive
substances. Adipocytes that constitute the adipose tissue
secrete cytokines known as adipocytokines. Adipocyto-

kines act on various organs to maintain homeostasis and in
obesity play a role in life-style-related diseases, including
diabetes mellitus, hyperlipemia, and hypertension (Rosen
and Spiegelman 2006).

The 3T3-L1 mouse preadipocyte cell line has the
capacity to differentiate into adipocytes when treated with
a mixture of dexamethasone, 3-iso-butyl-1-methylxanthine,
and insulin (DMI). After initiation of differentiation, 3T3-
L1 cells pass through a transient cell proliferation stage,
known as clonal expansion, before acquiring the functions
of a mature adipocyte, including lipid droplet accumulation
and the secretion of adipocytokines. Previous studies reveal
that many transcription factors are associated with adipo-
cyte differentiation. The ligand-dependent nuclear receptor
type transcription factor PPAR-γ (Rosen et al. 1999) and
the leucine zipper type transcription factor C/EBP family
(Cao et al. 1991) play critical roles in primary adipocyte
differentiation. The expression level of C/EBP-β, a member
of the C/EBP family, rises 2–4 h after the induction of
differentiation and gradually accumulates, then after about
14 h C/EBP-β becomes activated by acquiring DNA
binding activity and contributes to the progression of clonal
expansion (Tang and Lane 1999). Once clonal expansion is
complete, C/EBP-β and C/EBP-δ induce the expression of
C/EBP-α and PPAR-γ, and the differentiating adipocyte
progresses into the terminal differentiation phase (Wu et al.
1996). C/EBP-α and PPAR-γ induce adipocyte-specific
gene expression and mutual expression, and this leads to
the development of the mature adipocyte with insulin
sensitivity and the capacity to form lipid droplets.

The forkhead-type transcription factor family forkhead
box class O (Foxo) is also thought to play a role in
adipocyte differentiation (Nakae et al. 2003). The known
Foxo subfamily consists of Foxo1, Foxo3a, Foxo4, and
Foxo6 (Lam et al. 2006; Reagan-Shaw and Ahmad 2007).
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Foxo proteins have highly conservative phosphorylation
sites (Thr-24, Ser-256, and Ser-319 in human FOXO1) and
are phosphorylated by Akt and SGK through the insulin-
dependent PI3K/Akt cascade (Czech 2003). Phosphorylated
Foxo is transported from the nucleus to the cytosol
resulting in its inactivation (Brunet et al. 1999). The target
genes of Foxo are diverse, and Foxo contributes to various
physiological phenomena, including apoptosis (Li et al.
2003), DNA repair (Tran et al. 2002), cell cycle arrest
(Schmidt et al. 2002), carbohydrate metabolism (Nakae et
al. 2001), fat metabolism (Kamei et al. 2003), differentia-
tion (Hribal et al. 2003), and cellular protection from
oxidative stress (Brunet et al. 2004).

The over-expression of activated Foxo1 in adipocyte
progenitor cells induces the expression of the cell cycle
arrest-associated factor p21and the C/EBP inhibitor
CHOP10; these disturb the progression of clonal expansion,
thereby inhibiting adipocyte differentiation (Nakae et al.
2003). Details of the physiological role of Foxo1 in
adipocyte differentiation and the molecular mechanisms
underlying this process are not known. By using Foxo1-
specific siRNA, the present study demonstrates that Foxo1
is essential for adipocyte differentiation.

Materials and Methods

Materials. The 3T3-L1 cell line was purchased from the
Health Science Research Resources Bank (HSRRB, Osaka,
Japan). HEK 293 and COS-7 cells were obtained from the cell
bank of the RIKEN Institute of Physical and Chemical
Research (Tsukuba, Ibaraki, Japan). The plasmid pcDNA3-
Foxo1 was a gift from Dr. M Greenberg (Harvard Medical
School, Boston, MA). The plasmids pEF-BOS-C/EBP-α,
pEF-BOS-C/EBP-β, and pEF-BOS-C/EBP-δ were kindly
provided by Dr. Takiguchi (Chiba University, Chiba, Japan).

Cell culture. The 3T3-L1 cell line was maintained at 37°C
in a humidified, CO2 incubator. The standard culture media
was Dulbecco’s modified Eagle’s medium (DMEM, high-
glucose; Sigma-Aldrich, St. Louis, MO) supplemented with
10% FBS (Sanko Junyaku, Chiyoda, Tokyo, Japan). We
induced the differentiation of 3T3-L1 preadipocytes into
adipocytes as previously described (Student et al. 1980);
briefly, 3T3-L1 cells were cultured for 2 d to confluence
then for a further 2 d in media supplemented with 0.25 μM
dexamethasone (Sigma-Aldrich), 0.5 mM 3-iso-butyl-1-
methylxanthine (Sigma-Aldrich), and 10 μg/ml insulin
(Wako, Chuo, Osaka, Japan; DMI induction). Afterward,
cells were cultured for 2 d in media containing 5 μg/ml
insulin and then for 4 d in standard culture media. The HEK
293 and COS-7 cells were maintained in DMEM with 10%
FBS.

Oil red O staining. Cells were fixed with 4% paraformal-
dehyde for 1 h and then stained with 3 mg/ml Oil red O (in
60% isopropanol) for 10 min after washing cells with PBS.
Stained cells were washed with sterile water then observed
under a microscope (DMIRBE M2FLIII (Leica Micro-
systems Inc., Bannockburn, IL)). In addition, cells were
stained with 0.3 mg/ml Oil red O, and the dye was then
eluted for 10 min with 100% isopropanol. The concentra-
tion of the eluted dye was determined from measurements
of absorbance (O.D. 420 nm).

Triglyceride assay. Cells were lysed in lysis buffer (20 mM
HEPES [pH 7.6], 420 mM NaCl, 1% triton X-100, 0.1%
SDS), and total fat was extracted according to the Bligh and
Dyer method (Bligh and Dyer 1959). The cell extract
(600 μl) was incubated with 2 ml methanol and 1 ml
chloroform for 1 h, and then 1 ml of chloroform and 1 ml of
sterile water were added. The chloroform phase of the cell
extract was collected by brief centrifugation, dried over-
night, then dissolved in 10% triton-isopropanol solution.
The triglyceride level was measured according to the
method described in the manual of the Triglyceride E-test
Kit (Wako).

RT-PCR. The 3T3-L1 cells were cultured for 0, 2, 4, and
6 d after DMI induction, and RNA was extracted using the
GTC-acid phenol method. RNA was incubated with 5 units
of DNase (Takara, Otsu, Shiga, Japan) for 30 min and then
treated twice with phenol/chloroform. After cDNA synthe-
sis using M-MLV reverse transcriptase (Takara), PCR was
performed using the primers indicated in Table 1 under
optimal amplification conditions (cycle number and anneal-
ing temperature) for each gene.

Western blotting. Cells were resuspended in sample buffer
(50 mMTris–HCl [pH 6.8], 2% SDS, 6% β-mercaptoethanol,
10% glycerol) containing protease inhibitors (1 mM AEBSF,
130 μMBestatin, 14 μM E-64, 1 mM EDTA, 1 μM pepstatin
A). The cells were then treated with a supersonicator (UP-
50H, B. Braun Biotech International GmbH, Melsungen,
Germany) for 2 min, and the cell extract was collected after
centrifugation (4°C, 15,000×g, 10 min). The protein concen-
tration was quantified using the BCA protein assay kit
(Pierce, Rockford, IL). SDS-PAGE was performed with
5∼50 μg of protein, and the separated proteins were
transferred to a PVDF membrane (Schleicher & Schuell
BioScience, Keene, NH). Non-specific binding was blocked
by soaking the membrane in 5% skim milk. The membrane
was then incubated with the primary antibody overnight
followed by incubation with the secondary antibody for 1 h
and detection of specific binding using the lumiGLO reagent
(Cell Signaling, Danvers, MA). Finally, each protein band
was detected by chemiluminescence (Las1000, FujiFILM,
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Minato, Tokyo, Japan) and analyzed with Image Gauge
Software (FUJI-FILM). The primary antibodies included
anti-Foxo1 (Cell Signaling), anti-PPARγ (Santa Cruz Bio-
technology Inc., Santa Cruz, CA), anti-C/EBPβ (Cell
Signaling), anti-C/EBPδ (Cell Signaling), anti-C/EBPα (Cell
Signaling), anti-β-actin (Sigma), and horseradish peroxidase-
linked-anti-IgG (Cell Signaling).

Real-time PCR. PCR was performed using SYBR Premix
Ex Taq (Takara) on the Thermal Cycler Dice (Takara). Each
cDNAwas amplified (95°C for 5 s, 60°C for 30 s, 72°C for
30 s, for 40 cycles) using primers listed in Table 2. β-Actin
was used as an internal standard for correction of the error
determined between each sample. The PCR amplification
of each cDNA was performed independently using three
samples in triplicate.

Glucose transport. The glucose transport capacity of 3T3-
L1 cells was analyzed as follows. The cells were induced to
differentiate by treatment with DMI; after 8 d, the cells
were washed with PBS and treated with KRP-H buffer
(131.2 mM NaCl, 4.7 mM KCl, 2.5 mM NaH2PO4, 2.5 mM
CaCl2, 1 mM MgSO4, 1 mM HEPES (pH 7.4) containing

10 μM 2-NBDG (2-(N-(7-nitrobenz-2-oxa-1, 3-diazol-4-yl)
amino)-2-deoxyglucose; Invitrogen Life Technologies,
Carlsbad, CA) at 37°C for 5 min. After washing the cells
with KRP-H buffer, cells were observed under a LEITZ
DMRXA HC RXA-6 fluorescence microscope (Leica).

Fatty acid transport. The fatty acid transport capacity of
3T3-L1 cells was analyzed as follows. The cells were
induced to differentiate by treatment with DMI, and after
8 d, the cells were washed with PBS and treated with PBS
(Ca2+/Mg2+) containing 20 μM BODIPY3823 (Invitrogen)
and 20 μM BSA (fatty acid free) at 37°C for 2 min. After
washing the cells twice with PBS containing 20 μM BSA,
cells were observed under a LEITZ DMRXA HC RXA-6
fluorescence microscope (Leica).

Plasmid construction. Plasmid pSilencer 2.1-U6 Hygro for
siRNA was purchased from Ambion (St. Austin, TX). The
following oligonucleotides were synthesized: mouse
Foxo1-sense (1335∼1353): GATCCGACTTTGATAACTG
GAGTACTGTGAAGCCACA-GATGGGTACTCCAGT
TATCAAAGTCTTTTTTA, mouse FOXO1-anti-sense:
AGCTTAAAAAA-GACTTTGATAACTGGAGTACC

Gene Forward Reverse Cyc Temp

Foxo1 GATCTACGAGTGGATGGT CAGCGTAGACGCCATCTT 33 58

Foxo3a GACCTGCTGGATAACATC GTTTGCATAGACTGGCTG 27 58

PPAR-α AAACTCTGGGAGATTCTCCT TCTTGTGAATGGAATGTCTT 33 58

Glut4 TGCTGGGCACAGCTACCC TATGGCCACGATGGAGAC 33 58

CD36 AAACCCAGATGACGTGGC AGGTCGATTTCAGATCCG 30 58

CHOP10 GTCCTGTCCTCAGATGAA TGACCATGCGGTCGATCA 31 58

C/EBP-α GAGCGCCATCGACTTCAG CTTGCGCACAGCGATGTT 35 58

Adipsin CTGCTGGACGAGCAGTGG GATGACACTCGGGTAT 30 58

FATP4 CGCATGCGGCCTGATGAC TTGACACGTACCAAACGG 30 58

IRS2 TGGAGGCAGCAGTTCTCC TCAACATGGCGGCGATGG 35 58

TRB3 CGACTGGGGCCTTATATC GAGAGTCATCTGATCCAG 35 58

mTOR GGACAGACTCCTACTCTG CTGGTTGAGAGGACCAAC 31 58

GAPDH GACCCCTTCATTGACCT CCACCACCCTGTTGCTGT 24 55

Table 1. Primers for RT-PCR

PCR was performed using the
primers indicated as below un-
der optimal amplification condi-
tions (Cyc: cycle number, Temp:
annealing temperature) for each
gene. The PCR amplification of
each cDNA was performed in-
dependently using three samples
in triplicate.

Table 2. Primers for real-time PCR

Gene Forward Reverse

PPAR-α AAACTCTGGGAGATTCTCCT TGGCATCTCTGTGTCAAC

C/EBP-α GCCAAACTGAGACTCTTC GGAAGCCTAAGTCTTAGC

CD36 AAACCCAGATGACGTGGC AAGATGGCTCCATTGGGC

Glut4 TGCTGGGCACAGCTACCC CGGTCAGGCGCTTTAGAC

α-Actin CTGTGCTGCTCACCGAGG AGCCTGGATGGCTACGTA

PCR was performed using SYBR Premix Ex Taq (Takara) on the Thermal Cycler Dice (Takara). Each cDNA was amplified (95°C for 5 s, 60°C
for 30 s, 72°C for 30 s, for 40 cycles) using primers listed as below. α-Actin was used as an internal standard for correction of the error
determined between each sample. The PCR amplification of each cDNA was performed independently using three samples in triplicate.
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CATCTGTGGCTTCACAGTACTCCAGTTAT
CAAAGTCG, mouse FOXO3a-sense (2292∼2310): GATC
CACTTGGACCTGGACATGTTCTGTGAAGCCAC-
AGATGGGAACATGTCCAGGTCCAAGTTTTTTTA,
mouse FOXO3a-anti-sense: AGCTTAAAA-AAACTTG
GACCTGGACATGTTCCCATCTGTGGCTTCACAGAA
CATGTCCAGGTCCAAGTG.

Each oligonucleotide pair was annealed and subcloned into
pSilencer-BamH1/HindIII (pSilencer-Foxo1Si, pSilencer-
Foxo3aSi). A randomly arranged sequence (Ambion) was
inserted into the same vector as a negative control for the
siRNA vectors (pSilencer-NCSi).

Construction of adenovirus. The siRNA expressing adeno-
virus vectors were constructed using the cosmid pAxcwit
(Takara) and the pSilencer plasmids described above
(pSilencer-Foxo1Si, pSilencer-Foxo3aSi, and pSilencer-
NCSi). The pSilencer plasmids were linearized by digestion
with ScaI, and full length plasmid DNAwas cloned into the
SmiI site of pAxcwit. The recombination adenovirus was
made according to the procedure described by Takara. The
pAxcwit/pSilencer clones were digested with BspT104 and
transfected into HEK 293 cells using Lipofectamine™ 2000
(Invitrogen), resulting in the production of recombinant
adenovirus Ad-Foxo1Si, Ad-Foxo3aSi, and Ad-NCSi.
Adenovirus was amplified according to the procedure
described by Takara. Virus-infected cells were cultured on
a 96-well plate, then collected and subjected to six repeated
freeze/thaw cycles to generate the primary virus solution.
The primary virus solution was used to infected confluent
cultures of HEK 293 cells on a 24-well plate. The
secondary virus liquid was prepared as described above.
Amplification of the virus was repeated until the fourth
preparation of virus liquid was obtained. The titer was
measured according to the TCID 50 method (Tissue Culture
Infectious Dose).

Infection of 3T3-L1 cells with adenovirus. Adenovirus
solution at 3×108 pfu was diluted in 500 μl DMEM, mixed
with polylysine (1 μg/ml), and left for 30 min. The
adenovirus mixture was added to a confluent culture of
3T3-L1 cells on a 6-cm dish, incubated at 37°C for 1 h, then
cultured for a further 2 d in 2.5 ml DMEM with 10% FBS.

Luciferase assay. The pGL3-Basic (Promega, Madison,
WI) reporter vector was used for luciferase assays. The
sense oligonucleotide (AATAGATCTTTACTGCAATTT
TAAAAAGCAATC-AATAAAGCTTAA) and anti-sense
oligonucleotide (ATTAAGCTTTATTGATTGCTTTT
TAAAAT-TGCAGTAAAGATCTATT) for the C/EBP re-
sponsive sequence, located in the promoter region of
PPAR-γ, were synthesized and subcloned into the BglII–
HindIII site of pGL3 (pGL3-C/EBP-RE). COS cells were

seeded onto 4-cm-diameter plates at 8×104 cells/plate and
24 h later were transfected with 0.75 μg reporter plasmid
(pGL3-C/EBP-RE) and 0.1 μg of each expression plasmid
(pEF-BOS-C/EBP-α, pEF-BOS-C/EBP-β, pEF-BOS-C/
EBP-δ, and pcDNA3-Foxo1) using 2.5 μl lipofectamine
2000 (Invitrogen) according to the manufacturer’s instruc-
tions. Luciferase activity was measured using the Luciferase
Assay System (Promega). Co-transfection with the β-
galactosidase expression plasmid and determination of β-
galactosidase activity was used to reassess luciferase activity
to correct for variation in transfection efficiency. The
experiment was performed independently with three samples
in triplicate.

Statistical analysis. Results are expressed as mean ±
standard deviation. Comparisons between groups were
made by analysis of variance and, when significant, were
examined by Tukey’s all-pairwise comparison test. Differ-
ences were considered significant when P<0.05.

Results

The differentiation of 3T3-L1 cells into adipocytes was
induced by treating cells with DMI. RT-PCR revealed that
expression of Foxo1 rose 2 d after DMI induction and
increased gradually as differentiation progressed (Fig. 1A).
Under the same conditions, the level of Foxo3a expression
was approximately constant throughout adipocyte differenti-
ation. At the protein level, the expression of Foxo1 rose at
days 2 and 4 after DMI induction, and it decreased a little by
day 6; the observed peak level was on day 4 when the clonal
expansion was completed (Fig. 1B). By comparison, the
protein level of Foxo3a was low before differentiation,
increased as differentiation progressed, then was maintained
at approximately constant level once clonal expansion was
completed. We investigated the role of Foxo1 and Foxo3a in
adipocyte differentiation by using siRNA specific to Foxo1
and Foxo3a to deplete the expression of these proteins in
3T3-L1 cells. We constructed siRNA-expression plasmids
specific for Foxo1 and Foxo3a (pSilencer-Foxo1Si and
pSilencer-Foxo3aSi) and incorporated these into adenovirus
vectors (Ad-Foxo1Si and Ad-Foxo3aSi). The 3T3-L1 cells
were infected with Ad-Foxo1Si or Ad-Foxo3aSi, and the
level of Foxo1 and Foxo3a mRNA was analyzed by RT-
PCR. We show marked suppression of Foxo1 and Foxo3a
mRNA in infected 3T3-L1 cells (Fig. 1C).

Four days before DMI induction, 3T3-L1 cells were
infected with Ad-Foxo1Si or Ad-Foxo3aSi. The cells were
stained with Oil red O 8 d after DMI induction to assess
lipid accumulation. The siRNA-induced knockdown of
Foxo1 expression significantly decreased lipid droplet
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accumulation (Figs. 2A, B). By comparison, knockdown of
Foxo3a expression did not affect the accumulation of lipids
or cellular form and size. We also analyzed the cumulative
level of triglycerides during adipocyte differentiation of
Foxo1-depleted 3T3-L1 cells: siRNS-induced suppression
of Foxo1 in 3T3-L1 cells reduced the cumulative level of
triglyceride by 30% compared to cells infected with the
adenovirus expressing the negative control siRNA or the
siRNA specific for Foxo3a (Fig. 2C).

The importance of Foxo1 expression in the terminal
differentiation of adipocytes was investigated by exam-
ining the influence of siRNA-induced Foxo1 depletion
on the incorporation of glucose and fatty acids. In these
studies, we exposed Ad-Foxo1Si-, Ad-Foxo3aSi-, and
Ad-NCSi-infected 3T3-L1 cells to fluorescent-labeled

glucose (2-NBDG (2-(N-(7-nitrobenz-2-oxa-1, 3-diazol-
4-yl) amino)-2-deoxyglucose)) 8 d after DMI induction.
Observation with the fluorescence microscope revealed
that glucose incorporation was inhibited markedly by the
suppression of Foxo1 expression (Fig. 3A); in contrast, the
knockdown of Foxo3a did not affect glucose incorporation
noticeably. In similar experiments, 3T3-L1 cells were
exposed for 2 min to the fluorescent-labeled fatty acid
analog, BODIPY3823, 8 d after DMI induction. Examina-
tion of fatty acids reveals that siRNA-induced suppression
of Foxo1 expression remarkably reduced the incorporation
of fatty acids compared to either the negative control or
when FOXO3a expression was suppressed (Fig. 3B).

We then examined the effect of Foxo1 depletion on the
expression of genes involved in adipocyte differentiation. Ad-
Foxo1Si- and Ad-NCSi-infected 3T3-L1 cells were treated
with DMI 4 d after infection. Protein was extracted from the
cells at 0, 2, 4, and 6 d after DMI induction and subjected to
Western blot analysis for detection of PPAR (-γ1 and -γ2) and
C/EBP (-α, -β, and -δ) expression (Fig. 4A). siRNA-induced
suppression of Foxo1 expression significantly decreased the
expression of PPAR-γ and C/EBP-α. By comparison,
knockdown of Foxo1 expression had no notable effect on
the expression of C/EBP-β or C/EBP-δ.

Consistent with our findings by Western blot analysis,
RT-PCR and real-time PCR analyses demonstrate that
siRNA-induced Foxo1 depletion remarkably decreased the
expression of PPAR-γ (Fig. 4). In addition, expression of
Glut4, which is controlled by PPAR-γ, was significantly
reduced by siRNA-induced Foxo1 depletion (Figs. 4B, C).
Under the same conditions, the expression of Adipsin and
CD36 was also reduced (Figs. 4B, C). The expression of C/
EBP-δ remained unchanged (Fig. 4B), whereas the expres-
sion of C/EBP-α was significantly reduced (Figs. 4A, C). In
addition, the expression of CHOP10, an inhibitor of C/EBP,
did not vary with knockdown of Foxo1 expression.

Next, we investigated whether Foxo1 directly affects the
expression of PPAR-γ. Foxo1 is known to cooperate with
C/EBP (Christian et al. 2002). It is possible that the
presence of Foxo1 affects the transcriptional regulation of
PPAR-γ by C/EBP. To test this possibility, we performed
luciferase reporter assays by constructing a luciferase
reporter vector harboring the C/EBP binding site (Zhu et
al. 1995) from the PPAR-γ promoter region (Fig. 5A). The
role of Foxo1 in the transcriptional regulation of C/EBP
was analyzed by over-expressing Foxo1 and C/EBP in
COS7 cells. The transcriptional regulation of PPAR-γ was
stimulated by over-expression of C/EBP-α and C/EBP-δ,
whereas the over-expression of Foxo1 had no effect on
PPAR-γ expression (Fig. 5A). By comparison, C/EBP-β
had no effect on the expression of PPAR-γ in the absence
of DEX stimulation (Wiper-Bergeron et al. 2003). These
data suggest that Foxo1 does not affect the expression of

Figure 1. The RNA and protein were prepared on days 0, 2, 4 and 6
after DMI induction to analyze the expression of Foxo1 and Foxo3a
by RT-PCR (A) and Western blot analysis (B). The mRNA expression
of Foxo1 and Foxo3a was inhibited by introducing specific siRNA
into the 3T3-L1 cells (C). Ad-NCSi (Ambion), which generates
dsRNA of randomly arranged sequence, was used as a negative
control for siRNA. GAPDH was used as an internal control for the
level of RNA, and β-actin was used as a loading control for protein.
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PPAR-γ by interacting with a C/EBP binding site in the
PPAR-γ promoter. Knockdown of Foxo1 markedly reduced
the expression of PPAR-γ and C/EBP-α, and it gave no
notable effect on the expression of C/EBP-β or C/EBP-δ
(Fig. 4). A similar result was reported by controlling an
insulin signal cascade (Kim and Chen 2004; Naiki et al.
2007). Foxo1 is involved in the part of regulation of insulin
signal cascade (Naïmi et al. 2007); thus, influence of
Foxo1-RNAi to the expression of insulin signal-related
gene was examined. RT-PCR revealed that knockdown of
Foxo1 mRNA reduced the expression of IRS2, whereas it
had no effect to that of TRB3 and mTOR (Fig. 5B).

Discussion

The expression level of Foxo1 reached a maximum at day 4
of differentiation, suggesting that Foxo1 plays an important
role during the early stage of terminal differentiation that
follows clonal expansion, not during the start of differen-

tiation (Fig. 1). This conclusion is also supported by our
findings that depletion of Foxo1 by Foxo1-siRNA has no
effect on the expression of C/EBP-β and C/EBP-δ, which
are essential for clonal expansion (Tang and Lane 1999),
and that depletion of Foxo1 has a significant effect on the
expression of PPAR-γ and C/EBP-α (Wu et al. 1999),
which are essential for terminal differentiation at day 4 after
DMI induction (Fig. 4). Together, these results indicate
that Foxo1 plays an important role during adipocyte
differentiation, at least by day 4. The siRNA-induced
inhibition of Foxo1 expression inhibits terminal differ-
entiation and simultaneously suppresses the expression
of Glut4 via PPAR-γ and C/EBP-α (Fig. 4), resulting in
the suppression of glucose and fatty acid incorporation
(Fig. 3). From these results, it is clear that Foxo1 does not
function from the start of differentiation through the first
day of differentiation, and is essential after clonal
expansion is complete. Foxo1 appears to play a role as a
mediator to induce the transition from clonal expansion to
terminal differentiation.

Figure 2. (A) The physiological effect on adipogenesis by suppres-
sion of Foxo mRNA was analyzed. The 3T3-L1 cells were infected
with Ad-Foxo1Si, Ad-Foxo3aSi, or Ad-NCSi and then subjected to
DMI induction. At day 8 after DMI induction, cells were dyed with
Oil red O. (B) The concentration of the eluted dye was determined by
measuring the absorbance at O.D. 420 nm. The bars on the graph

indicate control NCSi (white), Foxo1Si (black), and Foxo3aSi (gray).
An error bar shows standard deviation of the mean, n=3. The
experiments were performed independently in triple. Against a value
of Ad-NCSi, **P<0.01. (C) For the triglyceride assay, total lipid was
extracted from the cells at day 8 after DMI induction. Against a value
of Ad-NCSi, *P<0.05.
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The knockdown of Foxo1 expression by Foxo-siRNA
significantly suppressed the expression of C/EBP-α and
PPAR-γ, but had no effect on the expression of C/EBP-β
and C/EBP-δ. Similarly, the suppression of insulin signal-
ing by the over-expression of TRB (Naiki et al. 2007) or the
mTOR inhibitor (Kim and Chen 2004) coincides with
suppression of C/EBP-α and PPAR-γ expression but has no
influence on the expression C/EBP-β or C/EBP-δ. So, the
effect of Foxo against the expression of the insulin signal-
related gene was analyzed, and it revealed that the
expression of IRS2 was suppressed by Foxo1-RNAi
(Fig. 5B). Because IRS2 is known to effect the differenti-
ation of the adipocyte (Miki et al. 2001), the repression of
the differentiation due to the Foxo1-RNAi might be
partially caused by IRS2.

Our finding that knockdown of Foxo1 expression
inhibits adipocyte differentiation is not consistent with the
report that over-expression of the activated form of Foxo1
inhibits adipocyte differentiation (Nakae et al. 2003). Other
studies investigating the effect of over-expression or
knockdown of expression on adipocyte differentiation are
also contradictory. For example, the over-expression of
ERK suppresses adipocyte differentiation via the phosphor-

ylation of PPAR-γ (Hu et al. 1996), whereas the functional
obstruction of ERK suppresses adipocyte clonal expansion
and differentiation (Tang et al. 2003). Furthermore,
dephosphorylated-RB suppresses the transcriptional activity
of PPAR-γ through binding with PPAR-γ and HDAC3
(Fajas et al. 2002a, b), and knockdown of RB expression
fails to induce adipocyte differentiation (Classon et al.
2000). It is generally accepted that the effect of RB
phosphorylation depends on the stage of differentiation of
the adipocytes and that RB is specifically phosphorylated
from clonal expansion to the beginning of terminal
differentiation. Together, these findings suggest that many
regulatory factors are essential for adipocyte differentiation
and require tight temporal control for the correct progres-
sion of the differentiation process. Hence, it is possible that
regulatory factors have the reverse effect if expressed at an
improper stage of adipocyte differentiation. Although a
previous study shows that over-expression of Foxo1 in
preadipocytes suppresses adipocyte development (Nakae et
al. 2003), we demonstrate that the expression level of
Foxo1 is extremely low in preadipocytes and only increases
from day 2 of DMI-induced adipocyte differentiation,
reaching a maximum level at day 4 (Fig. 1B). Furthermore,

Figure 3. Effect of Foxo1- and Foxo3a-siRNA on the uptake of
glucose and fatty acid. The 3T3-L1 cells were infected with
adenovirus (a, b Ad-Foxo1Si; c, d Ad-Foxo3aSi; or e, f Ad-NCSi)
then subjected to DMI induction. (A) Glucose uptake was then
analyzed by treating cells with fluorescent-labeled glucose 2-NBDG

(10 μM) 8 d after DMI induction. (B) Fatty acid metabolism was
analyzed by measuring fatty acid incorporation in virus-infected cells
treated with 20 μM of the fluorescent-labeled fatty acid analog,
BODIPY3823. The bright field (a, c, e) and fluorescent field (b, d, f)
are indicated.
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we show that knockdown of Foxo1 mRNA 4 d after DMI
induction significantly suppresses adipocyte differentiation.
It is possible that the study by Nakae et al. demonstrated
inhibition of clonal expansion and terminal differentiation
by introducing an excess level of Foxo1 during an early
phase of differentiation when Foxo1 does not normally

exist (Nakae et al. 2003). Foxo1 plays a potentially
important role as a stage-specific regulator of adipocyte
differentiation.

The terminal differentiation of adipocytes follows clonal
expansion. As adipocyte differentiation involves coopera-
tion between two distinct phenomena, cell proliferation and

Figure 5. Role of Foxo1 on adipocyte differentiation. (A) COS7 cells
were co-transfected with 0.1 μg each of the expression plasmids pEF-
BOS-C/EBP (-α, -β, or -δ) and pcDNA3-Foxo1 together with 0.75 μg
of the reporter plasmid pGL3-C/EBP-RE. The luciferase assay was
performed 48 h after transfection to analyze the transcriptional activity
of C/EBP in the presence (black bar) or absence (white bar) of Foxo1.

The experiments were performed on two samples independently and
in triplicate. An error bar shows standard deviation of the mean, n=6.
(B) The 3T3-L1 preadipocytes were infected with adenovirus (Ad-
Foxo1Si or Ad-NCSi) before DMI induction. RNAwas prepared from
cells at 0, 2, 4, and 6 d after DMI induction, then subjected to RT-PCR
for insulin signal-related genes.

Figure 4. Effect of Foxo1-siRNA on gene expression. The 3T3-L1
preadipocytes were infected with adenovirus (Ad-Foxo1Si or Ad-
NCSi) then subjected to DMI induction. (A) The protein levels of
PPAR (-γ1 and -γ2) and C/EBP (-α, -β, and -δ) were analyzed. Total
protein was extracted from cells at 0, 2, 4, and 6 d after DMI
induction, then subjected to Western blot analysis. (B) Total RNA was
prepared from cells at 0, 2, 4, and 6 d after DMI induction and

subjected to RT-PCR for the following genes; PPAR-γ, Adipsin,
CD36, Glut4, FATP4, C/EBP-δ, and CHOP10. (C) Total RNA was
prepared from cells at 0, 2, 4, and 6 d after DMI induction and
subjected to real-time PCR for the following genes; PPAR-γ, C/EBP-
α, Glut4, and CD36. Ad-NCSi (closed circle) and Ad-Foxo1Si (closed
triangle) are indicated.
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differentiation, the progression of differentiation requires
tight control of the expression and activation of specific
transcription factors. Notably, transcription factors that
induce cell proliferation, including E2F, CDK4, and RB,
are involved in the induction of gene expression and
activation of PPAR-γ, which is essential for cell cycle
arrest at the transition stage between clonal expansion and
terminal differentiation (Hansen et al. 1999; Fajas et al.
2002a, b; Abella et al. 2005). The activation of PPAR-γ
causes the subsequent inactivation of the accelerator of cell
proliferation (Morrison and Farmer 1999). C/EBP-α also
plays an important role in cell cycle arrest (Schuster and
Porse 2006). The relay of information from factors
controlling cell proliferation to factors controlling cell
differentiation is essential for the induction of cell cycle
arrest following clonal expansion to allow progression of
the differentiation process to terminal differentiation. The
significant accumulation of Foxo1 at the completion of
clonal expansion enhances the expression of PPAR-γ and
C/EBP-α (Figs. 1 and 4). This result suggests that Foxo1
may function as a key regulator of the transition from
clonal expansion to terminal differentiation during adipo-
cyte differentiation.

In summary, the present study reveals that Foxo1 is
essential for adipocyte differentiation. Details of the role of
Foxo1 in the mechanisms controlling adipocyte differenti-
ation require further investigation.
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